INTRODUCTION
Mineralization is an essential requirement for the development of the mechanical properties of hard tissues such as bones and teeth. However, on a volume basis, the mineral constitutes only about 50% of a bone; the remaining extracellular organic matrix (ECM) is a hydrated mixture of collagen and non-collagenous matrix proteins (NCPs). The NCPs constitute 5-10% of the total ECM and are associated with the mineral phase so strongly that the tissues need to be demineralized before those proteins can be extracted. The NCPs are mostly acidic proteins, rich in glutamic acid, aspartic acid and phosphorylated serine/threonine residues, with a high capacity for binding calcium ions and hydroxyapatite crystal surfaces. Therefore, they have been implicated in the regulation of mineral deposition during osteogenesis and dentinogenesis (1) . Phosphorylation of threonine and serine residues takes place as a post-translational modification of the core protein via the action of casein kinases (2) . TorresQuintana et al (3) found that dentin mineralization was impaired in the presence of casein kinase inhibitors. Thus posttranslational phosphorylation of NCPs is crucial for biomineralization.
The major phosphoprotein of dentin is the Asp-and Ser-rich protein called phosphophoryn. The name phosphophoryn (PP) was coined to describe its exceedingly high content of phosphate groups. PP, as isolated from dentin, has a unique composition with aspartyl and seryl residues comprising at least 75% of the amino acid residues, and 85-90% of the serine residues being phosphorylated (4, 5) . The PP appears to be synthesized as a part of a larger compound protein, dentin sialophosphoprotein (DSPP), but in vivo that is immediately processed by scission of a central sequence freeing the aminoterminal domain, dentin sialoprotein (DSP), and the carboxyl-terminal domain PP (6) (7) (8) (9) . Our rat incisor odontoblast λgt11 expression library was screened with anti-PP antibody (10) , and a nucleotide sequence corresponding to the C-terminal 244 amino acid residues of PP, designated as dentin matrix protein 2 (DMP2), was cloned. From the deduced amino acid sequence, DMP2 (60 % Ser, 31% Asp) is divided into two domains, one with unique repetitive blocks of [DSS] Extensive studies have suggested multiple potential functional roles for phosphophoryn in dentinogenesis. Prominently, PP can nucleate apatite crystallization, particularly when bound to collagen, but it can also influence collagen fibrillogenesis (12) (13) (14) 35) . A role for PP in mineral deposition and growth in vivo was convincingly supported by the study of dentinogenesis imperfecta Type II, in which the PP content of dentin is reduced and dentin mineralization is incomplete (15) . Thus, phosphophoryn may provide the interface linkage between mineral crystal and collagen fibril.
In the present work we have examined the role of the phosphate groups on PP in collagen interactions and mineral deposition by comparing the behavior of non-phosphorylated recombinant DMP2 (rDMP2) with that of native, highly phosphorylated PP. These data demonstrate that phosphorylation of the serine residues contributes to the mineralization property of PP, to the binding of PP to collagen and to the expitaxial match of PP to the hydroxyapatite crystal surface (10, 11) .
MATERIALS AND METHODS
Purification of native rat phosphophoryn and expression of recombinant DMP2 Native phosphophoryn was isolated and purified from fresh frozen SpragueDawley rat incisors as described before (16) . The purified product was confirmed as intact PP by amino acid analysis and gel filtration. In the process of cloning phosphophoryn, we identified a 2 kb cDNA from a rat tooth library as DMP2 (10) . An 800 bp fragment corresponding to the coding region was amplified using primers containing BamHI/EcoRI restriction sites and inserted into the pGEX4T-3 vector at the BamHI/EcoRI site. This plasmid was transformed into BL-21 E. coli (Invitrogen) and the recombinant protein was expressed as a GST-fusion protein and purified based on standard procedures provided by the manufacturer (Amersham Biosciences). The recombinant protein (not phosphorylated) was released from the GST by thrombin cleavage.
Ca binding assay
The 45 Ca 2+ binding assay was based on the procedure described previously (17) . Specifically, 1 µg protein was dotted onto nitrocellulose membrane (BioRad) and washed with a solution containing 60 mM KCl and 10 mM imidazole-HCl (pH 7.4) for four times at 15 min each. Afterwards, the membrane was incubated in the same buffer containing 1 mCi L -1 of 45 CaCl 2 for 15 min, and then rinsed with 50% ethanol for 10 min, and air-dried. Autoradiographs of the membrane were obtained by exposure of the dried membrane to Kodak XAR-5 X-ray film overnight. Calmodulin and BSA were used in equivalent amounts as positive and negative controls, respectively.
Small angle X-ray scattering measurements Solution X-ray scattering experiments were carried out at the Advanced Photon Source, Argonne National Laboratory, on Beam Line 15ID-D. A sample detector distance of 563 mm (short range) was used to cover the range of scattering vector Q from 0.0187 to 0.807 Å -1 , where Q= (4π sin θ)/λ. 2θ is the scattering angle, and λ is the wavelength of X-ray. Successive protein solution droplets were held in a 1.5 mm quartz microcapillary tube. Five successive 10 second exposures were recorded for each droplet. Each protein sample exposure was preceded by recording the buffer scattering. The scattering profiles of the 5 successive shots were averaged and the buffer scattering profile was subtracted. For Kratky plots the scattering data were plotted as I(Q)·Q 2 vs Q. Protein samples were in 10 mM HEPES, 165 mM NaCl, pH 7.4. Samples were run in the presence and absence of 5 mM CaCl 2 . Native phosphophoryn and rDMP2 used in the experiment were at 5 mg/ml concentration.
In vitro mineralization assay
In vitro mineralization was determined as described (18) . Specifically, 10 µg of protein was adsorbed onto a pretreated smooth glass surface (1 cm 2 , Fisher Scientific) overnight at 37 °C. The glass plates were inserted into a channel connecting two halves of an electrolytic cell, one compartment containing calcium buffer (165 mM NaCl, 10 mM HEPES, 2.5 mM CaCl 2 , pH 7.4) and the other phosphate buffer (165 mM NaCl, 10 mM HEPES, 1 mM KH 2 PO 4 , pH 7.4). The ionic concentration and ionic strength mimicked physiological conditions. When an external 1 mA current was applied, the ions traversed the plate surface continuously, and mineral deposition developed based on the Ca/P binding by the protein molecules adsorbed on the glass surface. The buffers were changed regularly. The electrophoretic flow of ions was conducted for 7 days, after which the glass plates were washed with nanopure water and air-dried.
Characterization of the deposited mineral
Scanning electron microscopy analysis: After the nucleation experiment, the washed glass plates were sputter-coated with Au/Pd and the morphology of the deposited mineral was observed using a Cambridge Stereoscan 120 SEM. High resolution transmission electron microscopy analysis: Mineral nucleation was also directly initiated on carbonformvar coated nickel grids (Ted Pella) for high resolution transmission electron microscopy (HRTEM) analysis. The grids were soaked with the protein solution overnight at 37 °C and then inserted into the nucleation system to induce the mineral formation. Afterwards, the grids were taken out and washed with nanopure water, air-dried, and submitted for analysis in situ by HRTEM in a JEOL 3010EX operating at 300 keV.
Characterization of the interaction of type I collagen molecules with phosphophoryn and rDMP2

Atomic Force Microscopy:
Lathyritic rat skin collagen was prepared as previously described (19) . To reconstitute type I collagen fibrils in vitro, 100 µl 1 mg/ml type I collagen in 0.01 M acetic acid, 4°C, was mixed with 900 µl 1 µM protein in 9.3 mM Na 2 HPO 4 , 5.83 mM KH 2 PO 4 , 150 mM NaCl, pH 7.04. Collagen fibrillogenesis was induced at 37 o C . Following fibrillogenesis 10 µl of the collagen fibril suspension was adsorbed onto a freshly peeled mica surface for 10 min. After washing with water, the sample was air-dried and collagen fibrils were imaged by atomic force microcopy in tapping mode using silicon probes (Olympus). A multimode Nanoscope III AFM (Digital instruments) operating with a D-scanner was used.
Rotary Shadowing:
The interaction of individual collagen molecules with PP and rDMP2 was studied by rotary shadowing method. For direct visualization of aggregates lathyritic rat skin collagen was mixed with native phosphorylated PP or the nonphosphorylated rDMP2 in 0.01 M HAc in 30% glycerol at 4°C. The mixture was sprayed onto freshly cleaved mica surfaces and these were coated in a rotary shadower with Pt at a shadowing angle of 15° followed by C at 90°.The replicas were floated off the surfaces and the molecules and aggregates viewed in a JEOL 1200EX transmission electron microscope.
Dynamic Light Scattering:
Interactions in solution were monitored in aqueous solutions by dynamic light scattering of aggregates in the interaction solution, by measurements of the diffusion coefficient in a PDLS 2000 (Precision Detectors, Mass.). The solution containing aggregates was subject to gel electrophoresis after centrifugation, as carried out by Dahl and Veis (14) , and the reduction in collagen concentration was determined from the gels by Coomassie staining, while the PP or rDMP2 concentration was determined from parallel gels stained by Stains All. The experiments were set up so that every reaction had the same collagen concentration, while the concentration of PP or rDMP2 was varied. The data were assembled based on the molar ratio of collagen to PP or DMP2. The ratios were varied over the range of 10-fold excess collagen to PP or DMP2 to a 4-fold excess of the PP or DMP2.
RESULTS
Interaction of calcium ions with native PP and rDMP2
The intense 45 Ca radioactivity of the PP spot on the nitrocellulose membrane binding assay showed directly (Fig. 1 ) that phosphorylated native phosphophoryn had a very high calcium ion binding capacity. The 45 Ca binding capacity of the nonphosphorylated rDMP2 was significantly less, but still much more intense than the same amount of the well-known calciumbinding protein, calmodulin, which served as a positive control. The negative control, bovine serum albumin, showed no calcium ion binding. The 244 residue rDMP2 has 150 Ser and 78 Asp residues, but in the absence of phosphorylation, only the charged Asp residues are available for Ca ion binding. The phosphorylated DMP2 domain of the PP is the most highly charged portion of the native PP. Thus the difference in intensity of 45 Ca binding between the PP and rDMP2 is clear evidence that the Seryl-phosphate groups on the PP are the major contributors to the enhanced calcium ion binding.
Determination of conformational changes by small angle X-ray scattering of native PP and rDMP2 upon calcium binding.
Small angle X-ray scattering (SAXS) has become a powerful tool to determine the molecular size, shape and conformational changes for a protein molecule in solution (20) . In particular, the Kratky plot of [I(Q)·Q 2 ] vs Q, has a characteristic and distinctly different shape for globular folded molecules and extended chain or random coil molecules of the same molecular mass. In the Kratky plot, a maximum in [I(Q)·Q 2 ] vs Q is indicative of a globular protein or densely folded structure whereas a plateau at moderate Q (the scattering vector) indicates a randomcoil-like conformation (21) (22) (23) . For a compact, globular structure, the peak intensity or the integral around the peak can be indicative of the compactness of the protein molecule (24) . As shown in Figure  2 , the conformation of rDMP2 seems to be an example of an extended, essentially random chain structure both in the presence and absence of added 5 mM Ca 2+ ion. The value of I(Q)·Q 2 under both conditions exhibited a near zero slope plateau over a wide range of scattering vector, Figure 2A . The Kratky plot of phosphorylated PP yielded virtually the same result as the rDMP2 in the absence of calcium ion, yielding a plateau typical of an unfolded structure, as shown in Fig.  2B . However, upon addition of 5 mM CaCl 2 , a prominent peak was observed at Q = 0.05 Å -1 , indicating a conformational change to a more compact structure. This substantial compaction was observed essentially instantaneously upon adding the calcium ion. Since the profile remained constant, that is, reflected a static rather than dynamic state, it seems likely that in the presence of Ca 2+ ion the PP conformation is a mixture of folded and less folded Ca 2+ -induced domains.
In-Vitro induction of apatite by native PP and rDMP2
In the in vitro mineralization system, the amount of mineral deposited was found to be proportional to the calcium binding properties of the protein adsorbed on the glass plate (18) . The crystal growth induced by rDMP2 (Fig. 3A) and the native, phosphorylated PP (Fig. 3B) correlated well with the calcium-binding and solution conformation effects shown above, in that many more apatite-like crystals deposited on the PP-coated surface than were deposited on the surface coated with the same amount of rDMP2 (Fig. 3A) . Sparse amounts of mineral deposits (data not shown) were observed on the blank glass plate. Examination by HRTEM in the diffraction mode showed that mineral particles deposited on the phosphophoryn coated surface were hydroxyapatite, based on the prominent characteristic 002 and 211 electron diffraction rings (Fig. 3D) . The apatite crystals formed were plate-like, similar to the crystal morphology found in the mineralized dentin and bone (24, 25) . Mineral particles deposited on the rDMP2-coated surface did not generate such a distinct electron diffraction pattern, suggesting that they were amorphous in nature (Fig. 3C) as were the sparse deposits on the blank plate, identified earlier as amorphous (18) . The ability of phosphophoryn to interact with type I collagen fibrils and molecules in solution is well documented (13, 14, 26) . In the present study the reconstituted type I collagen fibrils were imaged by atomic force microscopy. The reconstituted collagen fibrils in the control and in the presence of rDMP2 showed the characteristic periodicity of 67 nm (Fig. 4  A, B) . However, the diameter of the collagen fibrils assembled in the presence of rDMP2 was much greater (Fig. 4B) than the diameters seen in the controls (Fig. 4A) . On the contrary, the binding of the native, phosphorylated PP to type I collagen fibrils causes aggregation of the fibrils while apparently inhibiting the formation of the fibril axial periodicity. Unusual aggregates of collagen fibrils with directional orientation were observed (Fig.  4C, D) but with no evidence for any Dperiodicity. In the very dense deposits observed in Fig. 4 C, D it appears that one layer of parallel fibrils aligned on top of another sub-layer of parallel fibrils, in a nearly orthogonal orientation.
Rotary shadowing electron microscopy of mixtures of dilute solutions of monomeric collagen with very low concentrations of PP showed that the PP aggregated the collagen into linear arrays, virtually completely coated with the PP at higher PP/collagen ratios (Fig. 5, right panels) , but the arrays were not in any particular stagger. At higher magnification than in Fig. 4 , the individual PP molecules, or aggregates of them, could be discerned along the collagenous arrays (14) . Similar rotary shadowing of rDMP2 mixtures with lathyritic monomeric collagen, showed that rDMP2 interacts with the collagen molecules, and leads to filaments, but these filaments are very thin and the DMP2 binding is more sparse (Fig. 5, left  panels) . At a 1 to 1 molecule ratio PP completely aggregates the collagen. It required a much higher rDMP/collagen ratio to form rDMP2-coated aggregates, and thesewere of more extended, linear character. Thus the binding of the phosphorylated native PP to collagen molecules favors three dimensional packing into large aggregates, and the dense binding to fibril surfaces which ultimately forms a stable template for heterogenous nucleation of apatite.
Solution interactions of collagen monomers with PP and rDMP2.
The solution interactions of PP with monomeric collagen has been studied by dynamic light scattering (DLS), rotary shadowing electron microscopy and gel electrophoretic analysis of the solutions (26) . Similar studies of rDMP2 -monomeric collagen solutions have been carried out, but the results were quite different. As shown in Figure 5 (left panels), the collagen associated with rDMP2 did not have the same tendency for aggregation as in the PP-collagen system, and the filaments produced were very thin and it was difficult to discern where the rDMP2 bound. The aggregates were collections of the thin filaments. The rDMP2 appeared to be bound at multiple sites along the monomer collagen. This was decidedly in contrast to the heavily PP coated aggregates seen with the PP ( Figure  5 , right panels). The concentration dependences of the interactions were quite different. In Figure 5 , all of the initial collagen concentrations were identical, but the DMP2 or PP content was varied. Note that, on the right, all of the collagen is aggregated with PP at a 1/1 Col/PP molar ratio. The aggregates do not change as higher amounts of PP are added. The DMP2/Col ratio has to be much higher to achieve the same kind of aggregation. The linear and filamentous DMP2-Col aggregates can be swept from solution more readily by centrifugation at low speeds, while the more dense, PP coated aggregates, presumably with a higher charge density remain in colloidal suspension.
The gel electrophoresis data were especially revealing with respect to shortrange interactions. Figure 6 shows the electrophoresis data plotted as the Coomassie stain intensity of the collagen α1(I) chain band as a function of the molar mixing ratio of rDMP2 to collagen, as compared with mixing of PP and collagen. The addition of very low levels of rDMP2 to the collagen solution immediately enhanced the apparent concentration of the Coomassie-stained collagen α1(I) -band in the gels from supernatant solutions obtained after centrifugation of the mixtures. No rDMP2 was observed in these same supernatant solutions by Stains-All staining. However, the centrifugate of the collagen-rDMP2, resolubilized in the SDS gel buffer, did not show the presence of DMP2 either. These data indicated that the association of DMP2 and collagen molecules changed the extinction coefficient of the stained complex, and that the complexes were not dissociated completely in a dissociative SDS gel buffer. The apparent concentration of collagen in the supernate fraction dropped sharply at DMP2/Collagen ratios in the range from 0.2 to 0.5, at which point the content of collagen in the solution appeared to rise.
These data ( Figure 6 ) suggest that at low DMP2/collagen molar ratios (0.5) , one DMP2 essentially cross-links two collagen molecules. At higher DMP2/Collagen mixing ratios additional DMP2 binding resolubilized the collagen until a 1 to 1 molar ratio was achieved, after which the collagen was again precipitated from solution. Analyses of the redissolved centrifugates confirmed the removal of both collagen and DMP2 from the solutions as aggregates, but showed that the changes in stain intensity of the SDSsolubilized molecules could not be used for direct quantitation of the concentrations of collagen or DMP2 (data not shown).
The complex changes in interaction were also seen in the DLS studies covering the same DMP2/Collagen mixing concentration range. When the proteins were mixed in the light scattering cell, with no changes in concentration or centrifugation or addition of dyes, the intensity of 90° scattering changed immediately upon addition of DMP2 to collagen, unmistakably marking their interaction and complex formation, Figure  7 . This was also seen as a decrease in the diffusion coefficient; however, it is not apparent as to how to interpret these data. That is, the "model-independent" diffusion coefficient distributions could be obtained, but a meaningful hydrodynamic model relating D to radius of hydration, mass and complex structure could not be extracted from these data. Two competing events need to be considered; the rod-like collagen molecules were less rigid in the presence of the bound DMP2 changing D, and, as shown in Figure 5 , there were very large filamentous network aggregates formed changing D. The analysis of the diffusion coefficient data will require further study to determine the proper relationship between diffusion coefficient and aggregate shape. Clearly, the rDMP2 -collagen aggregates cannot be modeled as a simple dense aggregate.
Discussion
Phosphophoryn is a phosphoprotein essentially unique to dentin and was considered to be a "phosphate carrier" (28) molecule, with its function very dependent on the high extent of phosphorylation. Autoradiographic studies showed clearly that phosphophoryn is synthesized by odontoblasts and secreted through the odontoblast processes directly to the mineralization front (29) , and this was supported by immunolabeling studies at the EM level (37) , in which secretory vesicles containing PP were evident within the odontoblast processes, and released only near the mineralization front.
Phosphophoryn has been shown to possess high charge density and bind calcium ions with high affinity (30, 31) . The calcium ion binding studies presented above show that the binding capacity of rDMP2 was dramatically lower than that of PP indicating that the phosphate groups in native phosphophoryn contribute significantly to sequestering calcium ions. Our earlier theoretical study of the possible structures within the most highly phosphorylated (-DS*S*-) n domains of PP (10) indicated that the most probable conformation was a uniquely ribbon-like. twisting trans-extended chain structure with repetitive arrays of carboxylate and phosphate groups on both edges of the chain. Such a specific structured spatial arrangement could function efficiently for interaction with Ca 2+ and could enhance the possibility of calcium-ion bridging between parallel chains, or interaction with a hydroxyapatite surface array of Ca ions. At low PP concentrations a single molecular chain of PP could be folded by intra-chain Ca 2+ -bridges, while at higher PP concentrations and Ca 2+ ion could enhance intermolecular bridging (30, 31) . The addition of even millimolar concentrations of Ca 2+ to PP was sufficient to convert PP in dilute solution from a random structure to an ordered β-sheet like conformation (30, 31) . The absence of phosphorylation in these domains, as in the non-phosphorylated rDMP2, could abolish or sharply diminish such an assembly process and thereby decrease the amount of calcium bound by rDMP2.
Taken together, the calcium binding ( Figure 1) and SAXS experiments and Kratky plots (Figure 2 ), unequivocally demonstrated that PP could bind calcium with high capacity and affinity and upon calcium binding change PP molecules from an extended to a more compact structure. Though further studies are warranted, we postulate that such a Ca 2+ -mediated structure might be crucial for creating an ordered Ca 2+ array on the surface of the PP and facilitate apatite nucleation at the mineralization front where the PP binds to the collagen fibrils. As shown, the non-phosphorylated rDMP2 was capable of sequestering calcium ions and mineral particles, but to a lesser extent than the PP. Moreover, the rDMP2 failed in transforming the amorphous calcium phosphate into apatite crystals. This result suggests that the ordered arrays of phosphate groups in phosphophoryn are necessary for facilitating localized apatite nucleation.
Electron microscopy studies on mineralized dentin have shown that dentin apatite crystals adopt plate-like morphology and are highly ordered with their c-axes parallel to the long axes of the collagen fibrils (28, 33) . In the present study, we show that immobilized phosphophoryn could nucleate apatite crystals with similar morphology to that found in mineralized dentin, whereas the non-phosphorylated rDMP2 could not. These findings are entirely consistent with earlier studies that showed that impaired expression of phosphophoryn results in poorly mineralized matrix, as observed in patients with dentinogenesis imperfecta type II (15) .
Several studies have demonstrated that phosphophoryn binds specifically to Type I collagen molecules (26, 32) . In fibrils the PP appears to bind to the region of the eband within the hole zone, and it has been argued that this might determine the mineralization site (22, 27) . In the physiological situation, the dentin collagen fibrils assemble in the PP-free predentin, forming fibrils before the PP is deposited upon them. Binding may modulate the fibril structure to a moderate extent (33) but, as discussed above, the main effect is to localize the initial crystal deposits. It is unlikely that PP plays any role in the initial fibril formation. However, electron microscopic analyses showed that the banding patterns of collagen fibrils varied in the mineralization front from that in the predentin zone (33) . The AFM data show that rDMP2 increases the diameter of reconstituted fibrils during in vitro fibrillogenesis, while maintaining the 67-nm banding pattern. The rotary shadowing data of collagen in the presence of the rDMP2 also indicate that long, thin filaments can form. On the other hand, both the AFM and rotary shadowing data show that PP binding to molecules disrupts the typical collagen fibril packing, but produces PP-collagen aggregates with the asymmetric aggregates bearing a surface coating of PP.
The mechanical and physical properties of mineralized tissues are dependent on both the intimate chemistry and fine structure of the mineral phase and on the spatial relationships of the mineral phase and the major structural self-assembled collagenous template. In the case of phosphophoryn, calcium-mediated selfassembly of extended (DS*S*) n / (DS*) m (S* denotes for phosphoserine) chain forms a periodic polyelectrolyte template presenting well spaced array of carboxyland phosphate-groups, with potential epitaxial match to the apatite surface, thereby facilitating apatite crystallization on the self-assembled collagen fibrils (8, 36) . Results from this study demonstrate that such a template-driven apatite nucleation process is impaired in the absence of phosphorylation of the serine groups on the PP backbone. Similarly, PP had a profound effect on the assembly of collagen fibers. Therefore, the formation of the dentin mineralized tissue is a sophisticated, regulated process in which the collagen fibrils are assembled in a PPfree zone (containing other ECM) favorable to construction of the correct Dperiodic collagen fibrils, The PP is then released from its secretory granules near the mineralization front where mineral deposition is initiated in a controlled manner along the collagen fibrils by the specific binding of the PP. Oriented crystal growth is then modulated by the binding of the PP to particular crystal faces. Thus, phosphorylated PP is a key regulatory molecule (necessary but not sufficient in itself) in physiologic mineral deposition. and PP were determined in the presence and absence of Ca 2+ ions. The plots of rDMP2 in the presence and absence of calcium showed a similar plateau, indicating its unfolded structure (A). In the absence of calcium, PP showed a similar unfolded structure.
Legends
However, a prominent peak in the presence of Ca 2+ ion suggested the formation of more compact globular PP-Ca structure (B). The assembly pattern of type I collagen fibrils was changed markedly. by guest on November 19, 2017 
